The adult CNS has poor ability to replace degenerated neurons following injury or disease. Recently, direct reprogramming of astrocytes into induced neurons has been proposed as an innovative strategy toward CNS repair. As a cell population that shows high diversity on physiological properties and functions depending on their spatiotemporal distribution, however, whether the astrocyte heterogeneity affect neuronal reprogramming is not clear. Here, we show that astrocytes derived from cortex, cerebellum, and spinal cord exhibit biological heterogeneity and possess distinct susceptibility to transcription factor-induced neuronal reprogramming. The heterogeneous expression level of NOTCH1 signaling in the different CNS regions-derived astrocytes is shown to be responsible for the neuronal reprogramming diversity. Taken together, our findings demonstrate that region-restricted astrocytes reveal different intrinsic limitation of the response to neuronal reprogramming.
INTRODUCTION
Astrocytes, the most abundant cells in mammalian CNS, play crucial roles in nearly all aspects of CNS function from regulating the blood flow and modulation of synaptic transmission to participation in the maintenance of bloodbrain barrier (Matyash and Kettenmann, 2010; Oberheim et al., 2012; Okuda, 2018) . Historically, astrocytes were regarded as homogeneous cells defined by their star-shaped morphology, and then they were divided into many types, including protoplasmic and fibrous astrocytes, by their different appearances (Chaboub and Deneen, 2012; Molofsky et al., 2012; Zhang and Barres, 2010) . In the last decades, however, it was appreciated that astrocytes were much more heterogeneous in their morphological and functional properties than previously thought, which contributes to the identification of accurate subpopulations of astrocytes in the CNS (Buosi et al., 2018; Denis-Donini et al., 1984; Matyash and Kettenmann, 2010; Okuda, 2018) . Based on their spatiotemporal distribution and activation level, astrocytes have been identified as a complex colony with heterogeneity on morphology, gene expression, function, and many other aspects in physiological or pathological conditions (Hu et al., 2016) . For example, Emsley and Macklis (2006) depicted nine different classes of astrocytes which displayed significant dissimilarities in morphology, density, and proliferation, depending on their various distribution regions across the CNS. The heterogeneous astrocytes derived from spatiotemporal location enable us to speculate that they may fulfill specific roles for diverse neuron populations, which is indispensable for the maintenance of normal neurological activity (Ben Haim and Rowitch, 2017; Buosi et al., 2018) . Furthermore, it was reported that astrocytes at different developmental stage exerted distinct effects on neuronal growth, suggesting that astrocytes also process dynamic functions and properties in term of their temporal distribution (Ben Haim and Rowitch, 2017; Buosi et al., 2018) .
The irreversible loss of neurons is an important pathological feature of CNS injury and disease, resulting in persistent neurological disability. Due to the limited intrinsic neurogenic capacity and the presence of the hostile environment at the lesion site, the injured CNS resulted from wound or disease cannot self-repair and self-restore to an original degree (Hashemian et al., 2015) . Since the generation of induced pluripotent stem cells (iPSCs) by Takahashi and Yamanaka (2006) , cell reprogramming has attracted the most attention as a potential therapeutic strategy for CNS injury and disease. Because of the ubiquitous distribution in the CNS and the close lineage to neuron, astrocytes have been selected as an ideal candidate for neuronal reprogramming. Currently, astrocytes have been successfully reprogrammed into different types of functional mature neurons using defined transcription factors in vitro (Berninger et al., 2007; Heinrich et al., 2010) . For example, Gotz and colleagues showed that the early postnatal cortical astrocytes in culture could be induced to adopt a neuronal fate after forced expression of proneural gene NGN2 (neurogenin-2) and ASCL1 (achaete-scute homolog 1 or achaete-scute complex homolog 1) (Berninger et al., 2007) . Importantly, some studies have further demonstrated that the functional neurons can also be directly generated in vivo from resident astrocytes (Guo et al., 2014; Niu et al., 2013; Su et al., 2014a) . In adult mammal brain and spinal cord, transcription factor SOX2, NEUROD1 or ASCL1 was sufficient to convert astrocytes into mature neurons (Guo et al., 2014; Niu et al., 2013; Su et al., 2014a) . In spite of these advancements, little is known about the extracellular and intracellular factors that regulate the direct lineage switching of astrocytes to induced neurons. It was reported that the local microenvironments including injury conditions have significant influence on the efficacy of reprogramming and subsequent survival of newly generated neurons in the adult rodent brain (Grande et al., 2013) . However, whether the neuronal reprogramming is affected by the heterogeneity of astrocytes remains an open question.
To tackle this issue, astrocytes derived from different CNS regions, including cortex, cerebellum, and spinal cord, were used for direct lineage reprogramming. Here, we found that region-restrict astrocytes exhibit marked biological heterogeneity and showed distinct susceptibility to transcription factor-induced neuronal reprogramming. Of note, heterogeneous expression level of NOTCH1 signaling was identified in the different CNS regions-derived astrocytes, which is responsible for the neuronal reprogramming diversity. Taken together, our findings suggest that region-restricted astrocytes reveal diverse intrinsic limitation of the response to neuronal reprogramming. This proof-of-principle study will significantly expand our understanding of the regulation of neuronal reprogramming.
RESULTS

Region-Restrict Astrocytes Exhibit Heterogeneous Gene Expression and Proliferation Activity
Traditionally, protoplasmic and fibrous astrocytes have been identified in gray matter and white matter of the CNS, respectively. However, in addition to the differences between protoplasmic and fibrous astrocytes, conspicuous molecular heterogeneity has been described within the astrocytes of different CNS regions (Hu et al., 2016) . Glial fibrillary acidic protein (GFAP) has been used as a regular marker to identify astrocytes for several decades. However, there is growing evidence that the GFAP-labeled cells cannot represent all the astrocytes in the CNS (Hu et al., 2016) . GFAP is mainly expressed in mature fibrous astrocytes and reactive astrocytes. To investigate the molecular heterogeneity of astrocytes from different CNS regions, immunohistochemistry was performed using antibodies against GFAP and Aldoc (aldolase C, a universal astrocyte marker) (Bachoo et al., 2004; Tsai et al., 2012) . Figure 1A shows Figure 1A ). To further demonstrate the molecular heterogeneity of region-restrict astrocytes, we isolated and cultured postnatal astrocytes from the cerebral cortex, cerebellum, and spinal cord. Using a protocol we successfully established recently (Sun et al., 2017) , correspondingly, adult astrocytes were also prepared from the three different regions ( Figure S1A ). Then, the expression level of astrocyte characteristic genes, including Gfap, Aldoc, Glt1, Glast, Aldh1l1, CD44, and Vimentin, was detected in these postnatal or adult astrocytes by real-time qPCR. As shown in Figure 1B , the astrocytes of different origins exhibited distinct expression patterns in the selected genes, suggestive of their molecular heterogeneity.
In addition, the proliferative activity of postnatal astrocytes was assessed in culture by staining for PCNA, a nuclear protein expressed at high levels in proliferating cells. Immunocytochemical analysis revealed that cortexderived astrocytes possessed a high proliferation rate, while spinal cord-derived astrocytes showed a low proliferation rate ( Figure 1C ). There was more than 55% proliferating astrocytes in the cortex but only less than 20% in spinal cord ( Figure 1C ). Meanwhile, we also analyzed the proliferative activity in cultured astrocytes from adult mice. Similarly, cortex-derived astrocytes showed a higher proliferation rate than cerebellum-or spinal cord-derived astrocytes (Figure S1B ). Taken together, the region-restrict astrocytes exhibit significant heterogeneities in characteristic molecule expression and proliferative activity. (C) The heterogeneous cell proliferation of regional postnatal astrocytes (n = 3; cells = 1,000-1,500 for each condition). *p < 0.05, **p < 0.01, ***p < 0.001 by ANOVA Tukey's post hoc test. Scale bars, 100 mm (A) and 50 mm (C).
Region-Restrict Astrocytes Possess Distinct Susceptibility to Neuronal Reprogramming
Astrocytes can be converted to neuron-like cells by forced expression of transcription factors in vitro (Berninger et al., 2007; Sun et al., 2017) . It was reported that a single transcription factor, such as NGN2 or ASCL1, is sufficient to reprogram astrocytes into neurons (Berninger et al., 2007) . To investigate the effects of the heterogeneity of region-restrict astrocytes on the transcription factor-mediated neuronal reprogramming, a lentiviral delivery system in which gene expression was under the control of a human GFAP promoter was used to specifically target astrocytes. Twelve days after infected with lentivirus expressing NGN2, both postnatal and adult astrocytes were induced to obtain a neuron-like morphology (Figures 2A and 2C) . Immunostaining showed that these NGN2-induced cells were positive for Tuj1, a pan-neuronal marker (Figures 2A and 2C ). For the postnatal astrocytes from different regions, the reprogramming efficiency was estimated at about 50% for cortex, 30% for cerebellum, and 20% for spinal cord ( Figure 2B ). The similar heterogeneity of the NGN2-mediated reprogramming efficiency was observed in adult astrocytes cultured from cortex, cerebellum, and spinal cord ( Figure 2D ). As shown in Figure 2D , strikingly, the neuronal induction efficiency of adult astrocytes from all these three regions was much lower than that of postnatal astrocytes. Therefore, astrocytes from spinal cord, especially those from adult animals, tend to be more difficult to be reprogrammed into neurons by NGN2. Of note, terminal deoxynucleotidyl transferase dUTP nick-end labeling staining showed no significant difference in the apoptosis of region-restrict astrocytes-derived immature neurons, suggesting that the heterogeneity of the NGN2-mediated reprogramming efficiency did not result from heterogeneous cell apoptosis ( Figure S2 ). To determine whether the phenotype was also applicable to other transcription factor-mediated neuronal conversion, we also tested the effects of region-restrict astrocyte heterogeneity on the neuronal reprogramming induced by ASCL1. Figure S3A showed that ASCL1 alone can result in the generation of induced neurons expressing Tuj1. Consistent with NGN2, the efficiency of ASCL1-mediated astrocyte-toneuron conversion was high in the cortex group but rather low in the spinal cord group (Figures S3A and S3B) . Taken together, these results demonstrate that no matter what transcription factor is used, region-restrict astrocytes show distinct susceptibility to neuronal reprogramming.
Maturation of Region-Restrict Astrocyte-Derived Induced Neurons
As a neuronal marker, Tuj1 is broadly expressed in both immature and mature neurons. Therefore, the maturation of induced neurons was immunocytochemically analyzed by staining with mature neuronal markers, MAP2 and NeuN. Eighteen days after being induced by NGN2, MAP2 and NeuN were detected in GFPlabeled cells ( Figure 3A ), indicating that all cortex-, cerebellum-, and spinal cord-derived astrocytes could be reprogrammed into mature neurons. Just as the distinct reprogramming efficiency observed in astrocytes cultured from the three different CNS regions, quantitative analysis also showed that the ratio of either MAP2 + or NeuN + cells was highest in cortex group and lowest in spinal cord group ( Figure 3B ). This result suggested that the maturation of induced neurons was not affected by the heterogeneity of region-restrict astrocytes.
It was reported that NGN2 and ASCL1 directed cultured astrocytes to mainly generate glutamatergic and GABAergic neurons, respectively (Berninger et al., 2007; Heinrich et al., 2010) . In our study, the subtype of NGN2-induced neurons was identified by immunocytochemical analysis using antibody against vGlut1 or GABA, specific markers for excitatory or inhibitory interneurons, respectively. Figure 4A showed that both vGlut1 + and GABA + neurons could be detected in the NGN2-mediated astrocyte-to-neuron system, suggestive of mixed neurons. In parallel with previous reports, both postnatal and adult cortex-derived astrocytes were primarily converted into vGlut1-labeled excitatory neurons ( Figures 4B and 4C) . Similarly, the majority of NGN2-induced neurons from either cerebella or spinal cord-derived astrocytes were also glutamatergic ( Figures 4B and 4C ). There was only a small proportion of the NGN2-induced neurons that obtained a GABAergic identity. For ASCL1-mediated reprogramming, in contrast, astrocytes cultured from cortex, cerebella, and spinal cord were all mainly converted into GABAergic neurons ( Figures S3C and S3D ). Therefore, it seemed that the cell identity preference of NGN2-or ASCL1-mediated neuronal reprogramming from astrocytes was not affected by their local origin heterogeneity. Together, all these findings suggest that although region-restrict astrocytes show distinct susceptibility to neuronal reprogramming, the induced neurons can become mature and tend to acquire a glutamatergic or GABAergic identity. 
Identification of Signaling Pathways and Molecules Involved in Mediating the Distinct Susceptibility of Region-Restrict Astrocytes to Neuronal Reprogramming
Because the region-restrict astrocytes exhibit significant heterogeneities in proliferative activity ( Figures 1C and  S1B ), we wanted to know whether the heterogeneous proliferative activity has an effect on the efficiency of NGN2-or ASCL1-mediated neuronal reprogramming. Astrocyte proliferation was blocked with aphidicolin (Abcam ab142400; 5 mg/mL, dissolved in DMSO) and infected with NGN2-or ASCL1-expressing lentivirus to induce neuronal reprogramming. As shown in Figure S4 , no significant difference was observed in the reprogramming efficiency between aphidicolin-and DMSO-treated astrocytes, suggesting that the proliferation of both postnatal and adult astrocytes did not affect the susceptibility of region-restrict astrocytes to NGN2-or ASCL1-mediated neuronal reprogramming. In addition, it was reported that the metabolic status of the astrocytes is a key parameter for direct neuronal reprogramming (Gascon et al., 2016) . To determine whether the heterogeneous neuronal reprogramming efficiency of region-restrict astrocytes results from different metabolic status in these astrocytes, metabolic factors such as reactive oxygen species (ROS), ATP, and lipid peroxidation were examined in these cultured region-restrict astrocytes. Figure S5A -S5E show that no significant difference was observed in the ROS, ATP, or lipid peroxidation level between cortex, cerebellum, and spinal cord astrocytes. Many factors and signaling pathways closely related to neurogenesis and neural conversion have been identified in previous studies (Hawkins et al., 2014; Lujan et al., 2015; Petersen et al., 2002; Rivetti di Val Cervo et al., 2017; Shan et al., 2011; Wang et al., 2016) . For example, INK4a (also known as CDKN2A, cyclin-dependent kinase inhibitor 2A), a tumor suppressor protein that plays an important role in cell-cycle regulation, was identified as a cell-intrinsic barrier for in vitro reprogramming (Li et al., 2009) . As a transcription factor, ectopic SOX2 could induce neuronal reprogramming of resident astrocytes in the adult mouse brain and spinal cord (Niu et al., 2013; Su et al., 2014a) . For signaling pathways, activating the Shh and Wnt pathways was reported to facilitate neural reprogramming from human astrocytes (Rivetti di Val Cervo et al., 2017) . BMP4 played key roles in the neural specification and fate decisions at various stages of development (Shan et al., 2011) . Moreover, our previous study revealed that the p53-dependent pathway inhibited the overall production of SOX2-induced neuroblasts after spinal cord injury . To elucidate the mechanism underlying the heterogeneous reprogramming efficiency from region-restrict astrocytes, we firstly examined the expression of SOX2 and INK4a in astrocytes. However, immunocytochemical analysis showed no significant difference in the expression levels of SOX2 and INK4a in astrocytes cultured from cortex, cerebellum, and spinal cord (Figures S5F-S5I) . Furthermore, we also estimated and screened a set of signaling pathways and transcriptional molecules, including Notch1, Shh, Bmp4, Numb, Wnt3a, P53, Etv5, and Nr0b1 (Hawkins et al., 2014; Lujan et al., 2015; Petersen et al., 2002) . Real-time PCR analysis showed that the transcriptional level of these molecules varied in astrocytes from postnatal cortex, cerebellum, and spinal cord, reminiscent of the intrinsic diversity among the regionrestrict astrocytes ( Figure 5A ). In the three groups, of note, Notch1 expression was significantly highest in the spinal astrocytes and lowest in the cortical astrocytes (Figure 5B) . Moreover, adult astrocytes showed higher Notch1 expression level compared with postnatal astrocytes originated from the same region ( Figure 5C ). The differential expression of NOTCH1 in region-restrict astrocytes was also confirmed at protein level. Consistent with the result of real-time PCR, western blotting revealed that the NOTCH1 protein expressed preferentially in astrocytes from spinal cord compared with that from cortex and cerebellum ( Figure 5D ). HES1 is a classic target of Notch1 signaling, while NRARP is an upstream negative regulator of NOTCH1 signaling (Yun and Bevan, 2003; Zine et al., 2001) . As shown in Figure 5E , Hes1 gene highly expressed in spinal cord-derived astrocytes compared with that from cortex and cerebellum, which was the opposite to the expression of Nrarp gene. Based on these expression patterns, we speculated that the NOTCH1 signaling pathway may be involved in mediating the distinct susceptibility of region-restrict astrocytes to neuronal reprogramming.
Blocking of NOTCH1 Signaling Can Increase the Efficiency of Neuronal Reprogramming from Astrocytes
To investigate the roles of NOTCH1 signaling in neuronal reprogramming, the g-secretase inhibitor DAPT (N-[N-(3,5-difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl ester) was used to block the pathway (Liu et al., 2014) . DAPT can decrease the activity of g-secretase and inhibit the generation of NICD (NOTCH1 intracellular domain), which is capable of getting through the nuclear membrane to target corresponding downstream genes (Farnie and Clarke., 2007) . As shown in Figure 6A , DAPT (Sigma D5942, 10 mM, dissolved in DMSO) treatment significantly reduced NOTCH1 level in the astrocytes derived from cortex, cerebellum, and spinal cord, while there was no significant difference in the inhibitory efficiency between the three groups. After treated with DAPT, astrocytes were infected with NGN2-or ASCL1-expressing lentivirus to induce neuronal reprogramming ( Figures 6B and S6A) . Figures 6C and 6D showed that inhibition of NOTCH1 with DAPT resulted in a significant increase in the NGN2-mediated neuronal reprogramming efficiency of postnatal astrocytes from cortex, cerebellum, and spinal cord. Similarly, the efficiency of ASCL1-induced neuronal reprogramming was also significantly increased by treatment of regionrestrict astrocytes with DAPT ( Figures S6B and S6C ). Of note, DAPT treatment did not affect the maturation and cell subtype of the induced neurons from region-restrict astrocytes ( Figure S7 ).
In addition, RNA interference was also used to block Notch1 signaling. Two short hairpin RNA (shRNA) against Notch1 were constructed in the lentiviral vectors. The gene expression was under the control of a human GFAP promoter to specifically target astrocytes. Western blotting indicated that about 30% and 70% of the expression of NOTCH1 in cortical astrocytes were knocked down by shRNA1 and shRNA2, respectively ( Figure 7A ). Thus, we used shRNA2 to silence Notch1 signaling in astrocytes. Figure 7B showed that shRNA2 obviously downregulated NOTCH1 level in the astrocytes derived from cortex, cerebellum, and spinal cord, whereas no significant difference was observed in the inhibitory efficiency between the three groups. Astrocytes from cortex, cerebellum, and spinal cord were infected with shRNA2-expressing lentivirus and then subjected to NGN2-or ASCL1-induced neuronal reprogramming ( Figures 7C and S6D ). Similar to DAPT, blocking the Notch1 signaling with shRNA2 markedly increased the yield of neurons induced by NGN2 or ASCL1 ( Figures  7D, 7E , S6E, and S6F). Together, these results suggest that the NOTCH1 signaling pathway is involved in mediating the distinct susceptibility of region-restrict astrocytes to transcription factor-mediated neuronal reprogramming.
DISCUSSION
Although astrocytes have been considered to be a homogeneous and non-excitable cell type in the CNS, accumulating evidence suggests that they differ in their morphology, developmental origin, gene expression profile, physiological properties, function, and response to injury and disease. For example, GFAP is mainly expressed in astrocytes located in white matter and S100b tends to be expressed in gray matter astrocytes (Ben Haim and Rowitch., 2017; Rusnakova et al., 2013) . In contrast to protoplasmic astrocytes in cerebral cortex and striatum, high levels of GFAP are expressed in hippocampus-derived astrocytes and Bergmann glia in the cerebellum (Lein et al., 2007; Wilhelmsson et al., 2006) . The regional differences are also observed in the expression patterns of EAAT isoforms within the gray matter astrocytes (Lehre et al., 1995) . Therefore, a better understanding of the heterogeneity of astrocytes will undoubtedly contribute to identification of astroglial function and potential application. By immunohistochemistry and real-time PCR, in present study, distinct expression patterns of the characteristic molecules were observed in astrocytes from postnatal and adult cortex, cerebellum, and spinal cord, suggestive of their molecular heterogeneity. In addition, either postnatal or adult astrocytes from different CNS regions also exhibited significant heterogeneities in the proliferative activity.
Currently, direct lineage reprogramming of astrocytes into induced neurons provides a valuable cell source for regenerative medicine, drug discovery, and disease modeling. It has been documented that cerebral cortexderived postnatal astrocytes are susceptible to lineage reprogramming into neurons. However, it remains unknown whether astrocytes from other age or other CNS regions are susceptible to neuronal reprogramming. Moreover, whether the astrocyte heterogeneity affect neuronal reprogramming is also not clear. Here, we showed that astrocytes derived from cortex, cerebellum, and spinal cord of postnatal or adult mice could all be converted into neurons by defined transcription factors. Of note, postnatal and adult astrocytes from the same spatial domain showed distinct susceptibility to transcription factor-induced neuronal reprogramming. Likewise, the heterogeneous susceptibility was also observed in the neuronal reprogramming of different region-derived astrocytes. However, it seemed that the maturation and cell subtype of the induced neurons were not affected by the heterogeneity of region-restrict astrocytes.
Notch signaling is an evolutionarily conserved cell-cell contact pathway that was reported to be responsible for neural stem cell maintenance and neurogenesis in the embryonic brain as well as in the adult brain (Imayoshi et al., 2013; Zhang et al., 2018) . A key feature of Notch signaling is its remarkable cell-context dependency (Schwanbeck et al., 2011) . In the adult brain, Notch signaling components are highly expressed in astrocytes, which is necessary for maintaining a mature and differentiated astrocyte fate (Cahoy et al., 2008) . Intriguingly, NOTCH1 signaling is reduced in astrocytes after stroke, and blocking NOTCH1 signaling triggers astrocytes in the striatum and the medial cortex to enter a neurogenic program, resulting in the generation of new neurons (Magnusson et al., 2014) . Thus, we here speculated that region-specific astrocytes might maintain different levels of NOTCH1 signaling that are responsible for the distinct efficiency of neuronal reprogramming. Indeed, our results showed that differential expression of NOTCH1 signaling was observed in astrocytes from cortex, cerebellum, and spinal cord. Spinal cordderived astrocytes (especially adult astrocytes) expressed high level of NOTCH1 signaling and are not susceptible to neuronal reprogramming. In contrast, low level of NOTCH1 signaling was expressed in cortex-derived astrocytes (especially postnatal astrocytes) that are inclined to neuronal reprogramming. Moreover, blocking NOTCH1 signaling with g-secretase inhibitor DAPT or lentiviral vector-mediated shRNA resulted in an increase in the efficiency of lineage reprogramming into neurons. All these data suggested that the NOTCH1 signaling pathway might be involved in mediating the distinct susceptibility of region-restrict astrocytes to neuronal reprogramming. Of note, although no significant difference was observed in the knockdown efficiency of DAPT and Notch1 shRNA between cortical, cerebellum, and spinal cord astrocytes, the increase of neuronal reprogramming efficiency was relatively small in DAPT-treated cerebellum astrocytes and Notch1 shRNAtreated cortex astrocytes, suggesting that, in addition to the NOTCH1 signaling pathway, other factors might also contribute to the heterogeneous susceptibility of regionrestrict astrocytes to neuronal reprogramming.
Although our study provided evidence that the distinct susceptibility of region-restrict astrocytes to neuronal reprogramming might resulted from the different level of NOTCH1 signaling pathway in these cells, the underlying mechanisms remained to be elucidated. As a single-pass transmembrane receptor, Notch is activated by interaction with its ligands (Jagged or Delta). After undergoing two sequential cleavages mediated by a metalloprotease (ADAM) and a g-secretase, the NICD is released and then translocates into the nucleus, ultimately activating the transcriptional complex (Andersson et al., 2011) . Recently, Notch has been identified as a strong inducer of chromatin remodeling, suggestive of a possible role in regulating higher-order chromatin structures (Wang et al., 2015) . It was reported that NICD could block the binding of MEF2C (myocyte enhancer factor 2C) to chromatin and suppress its transcriptional activity in myotubes (WilsonRawls et al., 1999) . Notch inactivation was shown to increase binding of the transcription factor MEF2C to the promoter regions of cardiac structural genes and promote the reprogramming of mouse fibroblasts into induced cardiac-like myocytes (Abad et al., 2017) . These results raise the question of whether the NOTCH1 in region-restrict astrocytes reduce the chromatin accessibility of proneural factors (such as NGN2 and ASCL1) to target genes and make them refractory to neuronal reprogramming. Therefore, further study is needed to fully understand the underlying mechanism.
In summary, our study provided evidence that cortex-, cerebellum-, and spinal cord-derived postnatal or adult astrocytes are heterogeneous populations and they showed distinct susceptibility to transcription factor-mediated neuronal reprogramming. The heterogeneous expression level of NOTCH1 signaling in these region-restrict astrocytes was shown to be responsible for the neuronal reprogramming diversity.
EXPERIMENTAL PROCEDURES Animals
Wild-type newborn (P2-P4) and adult (8-12 weeks old) C57/BL6J mice were obtained from Shanghai Ling Chang Biotech, and used for primary astrocyte culture and histological analysis. The mice were maintained in a conventional animal facility under a controlled temperature and a 12-h light/dark cycle with access to sufficient food and water. All animal care and experimental procedures were performed according to the guidelines recommended by the NIH and were approved by the Animal Experimentation Ethics Committee of the Second Military Medical University.
Primary Astrocyte Culture
Highly enriched primary postnatal astrocytes were isolated from the cerebral cortex, cerebellum, and spinal cord of newborn mice as described previously (Su et al., 2014a) . After removal of the meninges, the tissues were dissociated into a single-cell suspension by trypsinization and mechanical disruption. Cells were pelleted for 4 min at 800 rpm, re-suspended and plated in DMEM medium containing 10% fetal bovine serum (FBS) (Gibco) and 1% penicillin-streptomycin at 37 C with 5% CO 2 . To prepare primary adult astrocyte, a culture system we previously established was used. The single-cell suspension derived from cerebral cortex, cerebellum, and spinal cord of adult mice was seeded on the culture plate pre-coated with gelatin and Matrigel in DMEM medium containing 20% FBS, forskolin (Fsk) (10 mM), glial-derived neurotrophic factor (10 ng/mL), and 1% penicillin-streptomycin at 37 C with 5% CO 2 . For both postnatal and adult astrocytes, the medium was changed every 3 days. When cultured cells grew to confluence, loosely attached microglia and oligodendrocyte precursor cells were removed from the cell monolayer by shaking vigorously. The attached enriched astrocytes were subsequently detached using trypsin-EDTA and then subjected to subsequent experiments. Immunocytochemical analysis by Iba-1 staining showed that there was less than 3% contaminating microglia in the cultured primary adult astrocytes (data not shown).
Lentivirus Preparation
Plasmids construction and lentivirus production were performed as described previously (Su et al., 2014a; Wang et al., 2016) . In brief, cDNAs encoding human NGN2 or ASCL1 were subcloned into a third-generation lentiviral vector (pCSC-SP-IRES-GFP; IRES: internal ribosomal entry site) to generate pCSC-SP-PW-NGN2-IRES-GFP (abbreviated NGN2) or pCSC-SP-PW-ASCL1-IRES-GFP (abbreviated ASCL1). The gene expression was under the control of a human GFAP promoter and the virus-infected cells were visualized by the co-expressed GFP. HEK293T cells were used to generate replication-deficient lentivirus by transient transfection with the lentiviral vector and packaging plasmids (pMDL, VSV-G, and pREV). Lentivirus was collected, precipitated with polyethylene glycol 8000, and concentrated by centrifugation.
Lineage Reprogramming
For neuronal reprogramming, cultured astrocytes (4 3 10 4 /mL) were seeded on culture vessels or glass coverslips pre-coated with gelatin and Matrigel. Twenty-four hours after plating, astrocytes were infected with the NGN2-or ASCL1-expressing lentivirus (multiplicity of infection of 1) in the presence of 6 mg/mL polybrene. The following day, culture medium was switched to neuronal induction medium, DMEM:F12:neurobasal (2: 2: 1) containing 0.8% N-2 (Invitrogen, Carlsbad, CA, USA), and 0.4% B-27 (Invitrogen). Fsk (10 mM) and dorsomorphin (1 mM) were also added to the above induction medium.
RNA Interference
Lentiviral vectors encoding Notch1 shRNA or a scramble shRNA were constructed as described previously (Zhu et al., 2016) . The sequences for shRNA are listed below: nonsilencer shRNA 
Cell Proliferation Assays
In vitro, proliferating cells were labeled by incubation with 10 mM bromodeoxyuridine (BrdU) (Sigma B5002) diluted in culture medium for 12-16 h as described previously (Su et al., 2014b) . In brief, 4% PFA-fixed cells were treated with 2 M HCl for 30 min at 37 C to denature DNA, rinsed in 0.1 M boric acid for 10 min to neutralize excess HCl, and incubated with blocking solution (0.2% Triton X-100 and 3% BSA in 13 PBS) for 1 h. The BrdU incorporation was detected by fluorescent staining using an anti-BrdU antibody (Sigma B8434, mouse, 1:200) . In addition, proliferating cells were also detected directly with antibodies such as Ki67 (Abcam ab6526, mouse, 1:100) and PCNA (Boster BM0104, mouse, 1:100).
Real-Time qPCR
Real-time qPCR was performed as described previously (Sun et al., 2017) . In brief, total RNA was extracted from cultured cells using TRIzol Reagent, and then reverse transcribed to cDNA using a RevertAid First Strand cDNA Synthesis Kit (Fermentas) according to the manufacturer's instructions. Based on SYBR green I dye detection, real-time PCR assay was carried out using the corresponding primers (detailed in Table S1 ), and mRNA expression in each sample was normalized to GAPDH. The data were analyzed using the 2 -DDCt method.
Western Blot Analysis
Total proteins were extracted from cultured astrocytes at a specified time point. Then the proteins were electrophoresed on a 10% SDS-PAGE gel, followed by being transferred onto nitrocellulose membranes. The membranes were then blocked in 5% nonfat milk and incubated with specific primary antibodies against NOTCH1 (Santa Cruz sc-9170, rabbit, 1:200) and b-actin (Proteintech 60008-1-Ig, mouse, 1:5,000). Immunoreactive bands were visualized using IRDye 700-or 800-conjugated secondary antibodies and chemiluminescence reagents (ECL, Amersham) according to the manufacturer's instructions. The results were scanned using the Odyssey infrared imaging system and analyzed with Image-Pro Plus 6.0 software.
Statistical Analysis
All results are validated by at least three independent experiments. The quantitative data were expressed as mean ± SD. Statistical analysis was performed using Student's t test or one-way ANOVA with Tukey's post hoc test. Differences were considered statistically significant at p < 0.05. 
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